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Abstract
Cyanide is a known toxic chemical compound that has an adverse effect on living organisms. Nonetheless, it is one of the 
active reagents in industries such as mining, pharmaceutical, cosmetics, and food processing companies worldwide. The 
beneficiation of gold and other precious metals from ore generates great amount of cyanide-bearing contaminants, which is 
released into the environment. The abundance of cyanide contaminants from these industries have created public health con-
cern since the inception of metal extraction from ore. There are strict regulations on the production, transportation, utilization, 
and disposal of cyanide-bearing contaminants worldwide. The conventional treatment of cyanide waste is either chemical or 
physical process. The use of these treatment processes has certain pitfalls like operational challenges, an increase in capital 
cost, and generation of secondary waste. A number of microorganisms have the potential to utilize cyanide as nitrogen and 
carbon source and transform it into ammonia and carbon dioxide. Biodetoxification might be efficiently, economically and 
environmentally safe to detoxify cyanide in contaminants and attractive alternative to conventional detoxification method 
like chemical or physical. This paper reviews the principles and methods of biodetoxification of cyanide contaminants found 
in the ecosystem.
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Introduction

The increasing demand for precious metals in the world in 
recent times has brought about the advancement in technol-
ogy to explore the natural habitation in search of minerals 
such as gold, copper, zinc, iron, and other valuable metals 
within the low-grade ores. Mining exploration and other 
industrial activities results in the production of organic and 
inorganic waste that affects the environment, and some of 
these wastes contain active chemicals used in mineral ben-
eficiation [1]. Cyanide-bearing tailings are often abundance 
in these mining areas, covering several hectares of arable 
land, contaminating underground and surface water bodies. 
Tailings are considered as byproducts after needed minerals 

are extracted from the ore through crushing, milling, and 
application of varying beneficiation techniques [2]. Surpris-
ingly, mining activities are responsible for the generation of 
an estimated 18 billion of cyanide-containing waste annually 
in the ecosystem [3]. There are global environmental chal-
lenges such as land and water bodies pollution with regards 
to tailings disposal through seepage from the impoundment 
[4]. Over millions of hectares of farmlands have been ren-
dered useless in major mining regions such as Australia, 
South Africa, the US, New Zealand, and Asia-Pacific [5]. 
Tailings can equally be useful in other industrial settings 
such as the construction of roads, houses and in the form of 
land reclamation like backfilling. The coarse and fine tail-
ings are potential materials for the manufacturing of cement 
and concrete [2]. Nonetheless, cyanide pollutant content of 
the tailings must be reduced to an acceptable limit, so it does 
not pose a health threat to the construction workers. Major 
lessons have been learned from mining accidents, such as 
dam failures and cyanide spillage that has occurred in recent 
times [6]. As a result, mining operation regulatory bodies 
around the world have set 0.2 mg/L of cyanide concentration 
as a limit in the tailings before disposal [4]. The conventional 
practice of disposing of mine tailings includes excavating 
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and burying it in a secure landfill or impoundment dam, 
physical treatment (dilution, membrane, electrowinning, 
and hydrolysis), chemical treatment (alkaline chlorination, 
sulfur dioxide, hydrogen peroxide oxidation, acidification, 
and iron sulfide process) and biological processes. However, 
alkaline chlorination is the most commonly used by the min-
ing companies worldwide since the commercialization of 
precious metals mining in 1889 [7]. Alkaline chlorination 
can be accomplished through the reaction of cyanide with 
chlorine gas to produce cyanogen chloride. Cyanogen chlo-
ride then hydrolyzes to release cyanate. Subsequently, excess 
chlorine gas is added to convert the cyanate to ammonia (see 
the reaction in Eq. 1 below).

There is complete detoxification of cyanide compounds 
within the shortest possible time in this process. However, 
the demand for high chemical reagents to keep the pH in 
alkaline medium to prevent volatilization of cyanide, the 
formation of chlorine and hypochlorite anions of which 
both are toxic compound makes the process uneconomical 
and environmentally unsustainable. In addition, alkaline 
chlorination is unable to degrade strong acid dissociations 
(SADs), e.g., nickel and silver [3, 8]. Over decades, much 
research has been conducted to find an alternative to this 
process, which is eco-friendly and economically viable. The 
biological process, which uses natural products to oxidize 
cyanide-bearing waste to nontoxic components, seems to 
gain more attention in this regard. In spite of the cyanide 
being deadly poisonous to almost every living creature, 
some microbes can tolerate its present by developing certain 
adaptable features. There are two main mechanisms through 
which bacteria resist cyanide poisoning include; (1) produc-
tion of organic compounds for iron uptake, (2) the release 
and utilize different enzymes for varieties of biochemical 
reactions to oxidize cyanide contaminants to nontoxic com-
pounds [9, 10]. Microorganisms are capable of producing 
organic compound known as siderophores when exposed 
to cyanide-bearing contaminants [11]. Siderophores have 
great affinity with metal-cyanide complexes, which bind 
the iron component and transported across the cell mem-
brane for metabolism to occur [12]. The successful instal-
lation of biological treatment plant in Homestake Mine in 
Lead, South Dakota, the USA, to degrade cyanide-bearing 
wastewater in the early 1980s, has led to several success-
ful studies using microorganisms to detoxify cyanide in 
various waste matrix [13–20]. Biodetoxification of cyanide 
bearing contaminants provides a strong alternative to other 
known methods in terms of efficiency, economically, and 

(1)

Cl2 + CN−
→ CNCl + Cl−

CNCl + H2O → OCN−
+ Cl−

OCN−
+ 3H2O

Cl2 catalyst
→ NH+

4
+ HCO−

3
+ OH−

environmental sustainability [21–23]. Although it is estab-
lished that microbes have the potential to remove free cya-
nide and other organic compounds from industrial contami-
nants [24], very few information is available for its efficiency 
to detoxify free cyanide and other cyanide complexes from 
contaminants. The present report elucidates the efficiency of 
microbes to detoxify free cyanide and other cyanide com-
plexes in contaminants. The discussion is focused on the 
properties of cyanide and sources of cyanide contaminants, 
principle of cyanide biodetoxification, and methods of cya-
nide biodetoxification.

Properties of cyanide and sources of cyanide 
contaminants

Physiochemical properties of cyanide

Cyanide is a chemical compound composed of the carbon 
atom, which is bonded to nitrogen atom via triple bond 
(–C≡N) Jaszczak et al. [25]. Cyanide occurs as organic and 
inorganic compounds in a state such as solid, gaseous, and 
aqueous species Dzombak et al. [26]. Cyanide ions exist as 
hydrogen cyanide (HCN) at pKa of > 9.2 Anning et al. [27]. 
HCN is generated into the environment during the combus-
tion of nitrogen compounds like protein and nitrates at a tem-
perature of 700 °C in the absence of oxygen [28]. In aqueous 
solution, HCN is pale blue or colorless at room temperature, 
a vapour pressure (bp = 27.5 °C), and a molecular weight of 
27.03 g/mol [29]. Cyanide is soluble in water at 25 °C and 
completely miscible in varieties of organic solvents such as 
alcohol. The boiling point, vapour pressure density, vapour, 
and liquid are estimated at 25.7 °C, 700 mmHg, 0.99 at 
20 °C, and 0.68 g/mL at 25 °C, respectively [30]. At the 
gaseous state, cyanide is colourless, almond-like odor, and 
a volatility value of 1.1 × 106 mg/m3 [30]. HCN is capable of 
reacting with silver or gold nanoparticles at 300–650 °C in 
the presence of oxygen to release cyanic acid (HOCN) and 
cyanogen (CN)2 [31]. Furthermore, HCN reacts with oxy-
gen to form nitrogen (N), carbon monoxide (CO), and water 
(H2O) with an approximate value of 723.2 kJ/mol thermal 
energy generation at 2780 °C [31] (see the reaction in Eq. 2).

The chemistry of cyanide makes it possible for micro-
bial detoxification processes to occur. Most microorganisms 
are capable of utilizing carbon and nitrogen component of 
cyanide compounds by oxidizing them into ammonia and 
carbon dioxide. The byproduct generated is utilized for 
metabolic activities of the cells [18]. Cyanide has a high 
affinity with chelated iron [32]. Microorganisms like P. pseu-
doalcaligenes and Pseudomonas aeruginosa can grow in the 

(2)2HCN + 1.5O2 → N2 + 2CO + H2O
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cyanide-bearing medium as a nitrogen source by producing 
siderophores, which binds with chelated iron and assimilated 
into the cell structure [33].

Ecotoxicology of cyanide compounds

Cyanide is regarded as the most harmful chemical, espe-
cially the free cyanide species (HCN). Even though many 
microorganisms are insensitive to cyanide toxicity, they are 
unable to survive at an elevated concentration. Hydrogen 
cyanide gas was used as a chemical weapon during the past 
world wars. For instance, the Nazis used hydrogen cyanide 
gas to murder millions of people during World War II [34]. 
Cyanide-containing waste accumulated in the environment 
is detrimental to the ecosystem and human health. Cyanide 
can actively bind to iron ion within the biological system, 
thereby inactivating the metalloenzymes [35]. Presence of 
cyanide inhibits the cytochrome c oxidase interfering with 
the aerobic respiratory processes [36]. The organisms that 
respire through anaerobic means can also be affected by the 
presence of a cyanide compounds. The metalloproteinase 
protein found in anaerobic organisms is often inhibited when 
they are exposed to cyanide, making the organism sensitive 
to cyanide poisoning [8]. Many plants produce hydrogen 
cyanide through the process called cyanogenesis. There are 
over 2000 plant species that produce this toxic compound 
when there is a physical or chemical injury to their cells 
or when there is a fungal attack [37]. Plants like Hevea 
benthamiana, H. brasiliensis, Lotus corniculatus, Alliaria 
petiolata, Arabidopsis thaliana, Brassica kaber, B.rapa, 
B. napus, and Sorghum sudanense are some of the known 
plant species that produce some levels of hydrogen cyanide 
in the course of fungi infestation. However, 0.025 mg/L of 
HCN (hydrogen cyanide) concentration is most likely to 
interfere with the carbon dioxide absorption by the pho-
tosynthetic tissue and inhibit other syntheses of the plant 
[38, 39]. Human beings are exposed to cyanide through the 
lungs, gastrointestinal tract, dermal tissue, mucous mem-
brane, and eye. Cyanide presence in the body hurt the heart, 
lungs, central nervous, and the endocrine system. There are 
endogenous mechanisms in the body that help to regulate a 
certain amount of hydrogen cyanide in the body. The meta-
bolic activity of the liver by the enzyme rhodanese helps to 
detoxify cyanide concentration to the nontoxic component, 
which is excreted through urine [10]. Notwithstanding, acute 
exposure of cyanide salt at 200–300 mg through ingestion is 
very lethal and individual involved may die at the shortest 
possible time [40]. Long-term exposure, through the eating 
of cyanogenic foodstuffs like vegetables and cassava, results 
in diseases such as demyelination of peripheral nerves, optic 
neuropathy and deafness. These diseases are mostly noted 
among some African countries like Nigeria and Tanzania 
that depend heavily on cassava and other cyanogenic plants 

as staple foods [41]. Safeguarding the ecosystem against 
cyanide pollutants is very vital for humans and other life. 
Moreover, since industrialization is very significant in the 
socio-economic development of every country, there is a 
need to detoxify the cyanide-bearing contaminants by adapt-
ing to an environmentally acceptable method. Cyanide 
harms the fish when it is exposed to the marine environ-
ment. The exposure of 1–5 mg/L of NaCN (sodium cyanide) 
concentration within 2–3 min has the potential to damage 
the internal organs such as the liver, stomach, spleen, kidney, 
and the brain. The damage to the mucosal cells by NaCN 
prevents digestion and assimilation of food, which may 
result in sudden death [42]. Prolong exposure of hydrocyanic 
acid between 0.005–0.01 mg/L affects the fish eggs, growth 
retardation, mobility impairment, and an abnormal increase 
in metabolic and respiratory rate [43]. Acute toxicity that 
occurs between 0.1–0.3 mg/L of NaCN concentration and 
the fish is killed within 96 h of exposure [42]. Beside there 
are several reports on cyanide toxicity on avian. For an 
instance, black vulture died within 11 min after administer-
ing a lethal dose of 4.8 mg/L of hydrocyanic acid [44]. Davis 
[45] realized that a dose of 1.5 mg/L of potassium cyanide 
(KCN) was lethal to chicken after administering it to them 
through intravenous. The avian population has reduced in 
recent times due to some pesticides used in agricultural pro-
duction. Pesticides like calcium cyanide have a direct effect 
on the reproductive and immune system of the birds [46]. 
Recently, Kadiri and Asagba [47] reported a direct effect of 
NaCN concentration on the kidney, liver, and a brain of the 
domestic chicken (Gallus domesticus L), when they were fed 
on feed contaminated with 3 mg/L of NaCN for four weeks. 
Histopathological study on the chicken revealed that there 
was minimal neuronal congestion in the brain; the glomeru-
lar was loosely packed in the Bowman’s capsule and mild 
inflammation in the kidney. In addition, there was central 
vein congestion, necrosis, and bile proliferation in the liver. 
Cyanide compounds are widely dangerous toxicants found 
in the ecosystem due to its poisonous nature to the living 
organisms.

Source of cyanide contaminants

Cyanide compounds can be detected in various environmen-
tal media such as soils, air, and water [26]. Cyanide is con-
sidered one of the polyatomic chemical compounds detected 
in the interspace medium [48]. Carbon and nitrogen compo-
nents of HCN undergo polymerization reaction to transform 
into protein, which forms the basis of all living things [49]. 
Most microorganisms produce a certain amount of HCN 
as secondary metabolism for the development of α-amino 
derivatives like protein and lipids [33]. There are over 2000 
cyanogenic plants in nature [25], plants such as Phaseolus 
lunatus, Manihot esculantus, Malus pumila, Prunus persica, 
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Prunus armeniaca, and Almond produce HCNfor a defen-
sive mechanism such as fungi and herbivore attack [50, 51]. 
However, the major sources of cyanide contaminants in 
the environment are through anthropogenic activities. The 
global production of cyanide compounds was estimated at 
an annual increase of 2%, with projected production of 1.3 
million metric tons by 2022 [52]. Cyanide plays an active 
role in industrial activities like mining, electroplating, paint 
production, finishing processes, chemical production, and 
petroleum refining. These industries are responsible for the 
release of a high percentage of cyanide-bearing wastes in 
the environment [26]. Several accidents related to spillage 
of cyanide contaminants into the environment have been 
reported [53–55]. In Argentina, valve failure at Veladero 
mine in San Juan province led to the release of 1,072 cubic 
metersof cyanide-bearing solutions into the Potrerillos 
River, polluting the aquatic environment [54]. In Romania, 
the failure of a tailings pond at Baia Mare discharged at least 
100,000 cubic meters of cyanide-bearing contaminants into 
the environment in February 2000. The contaminants made 
up of free cyanide and metal-cyanide complexes traveled 
to approximately 1200 km, polluting nearby Rivers like 
Sasar River, Lapus River, and Somes River in Hungary. An 
estimated 1,240 tons of fish were killed in the Tisza River 
[56]. Besides, in Guyana, an estimated 2.3 million cubic 
meters of cyanide-bearing wastewater was discharged into 
Essequibo River from collapsed walls of an earthen tailings 
pond in August 1995, which polluted the drinking water of 
neighboring communities [57]. Meanwhile, in Ghana, the 
distraction of pipeline carrying cyanide-containing solution 
by a rainstorm resulted in the spillage of cyanide-bearing 
wastewater into the nearby Sumang stream killing 50 fish 
within a 200 m, stretch of the stream. Diseases like diarrhea, 
abdominal pains, blurred vision, eye itchiness, skin-related 
infections, bloody urine, and burning sensation in the legs, 

were reported among the communities who eat the dead fish 
and used the polluted water for household activities [58]. In 
recent times, human efforts have contributed immensely to 
the rate of cyanide-related contaminants in the environment.

Principles of cyanide biodetoxification

Cyanide biodetoxification reactions

Many microorganisms have different routes of converting 
cyanide into nontoxic form for various environmental condi-
tions [59, 60]. There are various biochemical reactions such 
as hydrolytic, oxidative, reductive, and substitution, that 
occur during cyanide detoxification process (Table 1). The 
enzymes use these media to convert cyanide to ammonia, 
formate, methane, carbon (IV) oxides (CO2), formic acid, 
and carboxylic acid [60, 61]. Discussed below are some of 
the biochemical reactions used by various microorganisms 
to degrade cyanide contaminants.

Hydrolytic reaction

Microorganisms use the hydrolytic reaction to reduce vari-
ous toxic chemical components from environment. The 
hydrolytic reaction is a mostly used route by many bacte-
ria and fungi to convert cyanide directly into ammonia and 
carboxylic acids [62]. The reaction involves hydrolysis of 
cyanide with the presence of enzyme to release ammonia 
and carbon dioxide [59]. Gupta et al. [62] reported five 
enzymes responsible for catalysis of cyanide into nontoxic 
compounds; hydratase, nitrile hydratase, thiocyanate hydro-
lase, and nitrilase. The enzyme hydratase is mainly from 
fungi origin, they mostly induced this enzyme to detoxifi-
cation of cyanide compounds found in contaminants [22, 

Table 1   Various types of microbial detoxification reactions

Reaction type Enzyme resposible Chemical reaction Microbes References

Hydrolytic Cyanide hydratase HCN + H2O → HCONH2 Bacillus sp., Stemphylium loti [13, 29]
Nitrile hydratase R–CN + H2O → R–CONH2 Gloeocercospora sp
Cyanidase HCN + 2H2O → HCOOH Fusarium sp., P. fluorescens
Nitrilase R-CN + 2H2O → R-COOH P. putida, F. lateritium

Reductive Nitrogenase HCN + 2H+  + 2e− → CH2=NH + H2O → CH2=O Rhizobium ORS5711 [72]
Oxidative Cyanide monooxygenase CH2=NH + 2H +  + 2e– → CH3–

NH + 2H + 2e− → CH4 + NH3

Klebsiella oxytoca [72]

Cyanide dioxygenase HCN + O2 + H+  + NAD(P)
H → HOCN + NAD(P)+  + H2O

P. chrysosporium

Substitution/transfer Cyanoalanine synthesis HCN + O2 + 2H+  + NAD(P)
H → Co2 + NH3 + NAD(P)+

E. coli, Bacillus sp. [132]

Cysteine + CN− → ß-cyanoalanine + H2S A. vineladii
O-acetyl-l-serine + CN− → ß-cyanoala-

nine + CH3COO−
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63]. Cyanide hydratase activity is mostly induced when the 
fungi is exposed to a low concentration of cyanide in its 
environment [64]. The fungi utilize this enzyme to degrade 
HCN release from cyanogenic plants during their attack on 
the plants [65]. The cyanide hydratase directly undergoes 
hydrolysis and disrupt the triple bond of the cyanide com-
pound to release formamide, which is nontoxic compound 
[47, 66]. Nazly and Knowles [67] initially studied the effi-
ciency of cyanide hydratase to detoxify cyanide; the cya-
nide hydratase of Stemphylium loti was induced by means of 
32.5 mg/L of KCN. The kinetic study revealed that cyanide 
detoxification activity of hydratase had maximum pH range 
of 7.0 to 9.0 and Km of 27 mg/L and maximum Vmax of 
approximately 600 µmoles h−(mg protein)−. The mycelia 
were incubated for 16 h at 22–24 °C that brought about the 
total loss of the activity. Storage of 4 °C led to a 50% loss in 
the activity after 4 days of incubation. It was observed that 
cyanide hydratase was able to detoxify up to 100 mg/L of 
cyanide in 2 h. Cyanide hydratase has been induced from 
the pathogenic plant fungi such as Fusarium solani IHEM 
8026, F. oxysporum, Gloeocercospora sorghi, and F. later-
itium in the previous studies [68, 69]. Nitrile hydratase is 
induced by many bacteria and fungi and has wide industrial 
applications in degrading toxic chemicals found in indus-
trial wastes. The enzyme comes in association with other 
enzyme like amidase, which utilizes cyanide as a nitrogen 
source. These microorganisms are able to tolerate cyanide 
by catalyzing it to amide using nitrile and, subsequently, to 
acid and ammonia by enzyme amidase [62].

Oxidative reaction

Oxidation reaction involves the reaction of cyanide with 
oxygen to degrade cyanide to ammonia and carbon diox-
ide. Cyanide detoxification involving this reaction requires 
NADPH (nicotinamide adenine dinucleotide phosphate) to 
disrupt the carbon–nitrogen triple bond [13]. Oxidation reac-
tion involves three different enzymes; cyanide monooxyge-
nase, cyanase, and cyanide dioxygenase [59]. The extra car-
bon source is needed with cyanide to enhance the metabolic 
activity of the organism using this route [47]. The microbes 
convert cyanide to cyanate using monoxygenase. Enzyme 
cyanase then catalyzes bicarbonate-dependent conversion of 
cyanate to ammonia and carbon dioxide [70]. Cyanase plays 
an important role in several bacteria, fungi, plants, and ani-
mals’ species by protecting them against cyanate poisoning. 
Another function of cyanase is the facilitation of ammonia 
assimilation and transport of carbon dioxide in plants after 
cyanate has been degraded [71]. Enzyme dioxygenase is uti-
lized to convert cyanide to ammonia and carbon dioxide in 
the second oxidation reaction. Various microbial species use 
the oxidative pathway to convert cyanide to ammonia and 
carbon dioxide. Species such as Pseudomonas fluorscences, 

Bacillus pumillus, and Escherichia coli use oxidation reac-
tion to utilize cyanide as nitrogen source for cell growth 
[22]. Figueria et al. [15] reported the activity of dioxygenase 
in Escherichia coli during the direct metabolism of cyanide 
to ammonia without the generation of cyanate.

Reductive reaction

Biodetoxification of cyanide via reductive reaction results in 
electron transfer. Enzyme nitrogenase involves the reductive 
reaction by utilizing cyanide as a nitrogen source to produce 
methane and ammonia [22]. The use of the reductive reac-
tion is not common among the cyanide-degrading microbes. 
Klebsiella oxytoca has been shown to utilize cyanide as a 
sole nitrogen source when it was grown in cyanide contami-
nants. Klebsiella oxytoca converts cyanide to ammonia and 
methane via the activity of nitrogenase, which may have 
proceeded utilizing the reductive reactions [72]. The nitro-
genase catalyzes the reduction of dinitrogen, N2, through the 
interaction with magnesium ATP (Adenosine Triphosphate) 
to generate two moles of ammonia. The enzyme nitrogenase 
is induced by nitrogen-fixing bacteria to utilize cyanide ion 
(CN−) as the substrate to release ammonia into the soil [65]. 
Stam et al. [65] reported a reduction in initial CN− concen-
tration of 343 mg/L by Rhizobium ORS 571 in nitrogen-
fixing culture. Although the respiratory chain of the cells 
was inhibited due to the presence of 343 mg/L of cyanide, an 
increase in growth yield was observed in the bacteria after 
the agitation time. The researchers attributed the detoxifica-
tion of the initial cyanide concentration to metabolic activi-
ties of enzyme nitrogenase, which occurred via reductive 
reaction.

Substitution reaction

Microorganisms such as Escherichia coli, Acremonium 
strictum, Klebsiella pneumonia, and Rhodospirillum palus-
tria are some of the known species that use this reaction 
for degradation of cyanide to less toxic compounds [73]. 
The known enzymes involved in the substitution reaction 
include; 3-mercaptopyruvate sulfurtransferases, pyridoxal 
phosphate, and rhodanese. Cyanogenic microorganism 
utilizes pyridoxal phosphate enzyme to convert cyanide to 
nitrile derivatives of α-amino acids via the substitution route 
[29]. Enzyme rhodanese plays an active role by preventing 
the activation of cytochrome c oxidase when the mammalian 
body is exposed to cyanide. Bacteria like Chromobacterium 
violaceum are capable of inducing rhodanase after cyanide 
exposure [6]. Atkinson [74] reported cyanide detoxification 
of Bacillus stearothermophilus utilizing enzyme rhodanase. 
The nucleophilic and thiophilic property of cyanide ena-
bles it to undergo substitution reaction using 3-mercapto-
pyruvate sulfurtransferase enzyme to produce thiocyanate. 



944	 Journal of Material Cycles and Waste Management (2020) 22:939–954

1 3

The thiocyanate is then detoxified via carbonyl or cyanate 
reaction [29]. Biodetoxification of cyanide via carbonyl 
route utilizes an enzyme hydrolase to release carbonyl 
sulfide (COS), while the cyanate reaction involves the use 
of enzyme cyanase to produce sulfate and carbon dioxide; 
however, ammonia is produced as a byproduct in both reac-
tion [29]. Kelly and Baker [75] in their study identified 
carbonyl sulfide (COS) or cyanate routes as synonymous 
with the hydrolytic reaction. They indicated two stages that 
occur during the carbonyl sulfide; the thiocyanate hydrolase 
enzyme hydrolyzes the triple bond, which directly cleav-
age to generate ammonia and carbonyl sulfide. The second 
stage is the hydrolysis of carbonyl sulfide to carbon, and 
sulfide; subsequently, the sulfide is oxidized to sulfate. In 
contrast, the recent investigation by Berben et al. [76] has 
revealed that the thiocyanate detoxification reaction is an 
oxidation reaction, which is catalyzed by the thiocyanate 
dehydrogenase.

Factors that influence biodetoxification of cyanide

Microbial detoxification efficiency of cyanide contami-
nants is mostly influenced by certain inherent factors. The 
physiological and metabolic potency of the microbes is a 
significant factor to determine the rate of biodetoxifica-
tion of cyanide in the contaminants [3]. The high expenses 
incurred in designing and testing of the process is one of 
the economic challenges that need to be considered when 
utilizing microbes for detoxification of cyanide contaminants 
[59]. Many other abiotic factors such as temperature, ini-
tial cyanide concentration, pH, oxygen level, agitation time, 
and nutrient availability have an impact on the microbial 
metabolism of cyanide-containing waste [60] (Table 2). The 
above-stated parameters have a direct effect on the percent-
age of cyanide concentration that can be biodetoxified in 
the industrial contaminants [77]. A few of these factors are 
discussed below.

Effects of temperature

The coldness or the hotness of the medium has an impact on 
the microbial activity. Many microorganisms have capabili-
ties to thrive in hot environmental conditions while others 
are not. Microbial detoxification of cyanide contaminants 
is dependent on the growth of the microbes present in the 
medium. The growth of microbes is enhanced when there is 
a balance between cyanide complexes and the temperature 
of the medium [78]. The rate of cyanide biodetoxification 
increases in certain microbes at a lower temperature, while 
in other microbes, it increases at elevated temperature [79]. 
Khamar et al. [80] reported 25 °C as optimum temperature 
for detoxification of cyanide in gold mine tailings by genus 
Halomonas. Meanwhile, Adjei and Ohta [81] found 30 °C as 
a desirable temperature for utilization of cyanide as a nitro-
gen source by Burkholderia cepacia strain C-3 in minimal 
liquid media. The optimum temperature for biodetoxifica-
tion of cyanide is reported at the range of ~ 4 °C to > 30 °C, 
however, Mirizadeh et al. [82] showed tolerance of 34.2 °C 
in 500 mg/L of a cyanide-bearing medium by strain C3 iso-
lated from a wastewater treatment plant from coke–oven–gas 
condensate. In a related development, Dwivedi et al. [83] 
reported an optimum temperature of 35 °C by Bacillus 
cereus in a batch reactor. The growth of P. pudia was inhib-
ited when the temperature of the medium exceeded 40 °C 
[78].

Effects of initial cyanide concentration

Cyanide concentration in medium plays an important role in 
the biodetoxification of cyanide in the industrial waste since 
many microbes are poisoned at a high level of initial cyanide 
concentration. The growth of Rhodococcus UKMP-5 M in a 
cyanide-bearing medium was reported between 60–80 mg/L 
[84]. Kunz et al. [85] reported excess cyanide concentration 
of 1627.9 mg/L as an inhibitory factor to the growth and 
degradation efficiency of Pseudomonas fluorescens NCIMB 

Table 2   Physiological factors 
that influence biodetoxification 
of cyanide contaminants

Microbe Initial CN− 
concentration 
(mg/L)

Time pH Tem-
perature 
(°C)

Nutrient availability References

Pseudomonas sp 39 18 h 10 30 Sodium acetate [7]
P. aeruginosa STK03 450 150 h 10 30 Glucose [110]
S. loti MTCC2542 150 7 days 7.2 25 Glucose [78]
Rhizopus oryzae 150 5 days 5.2 25 Glucose [89]
Klesbsiella oxytoca 65 80 h 7 30 Glucose [84]
Serratia marcescens 700 3 days 6 32.5 Glucose [87]
Scenedesmus obliquus 77.9 77 h 10.3 20 Nitrate [133]
Bacillus cereus 100 48 h 7 35 Almond shell [110]
Rhodococcus UKMP-5 M 6.5 24 h 6.3 30 Glucose [19]
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11,764. Cyanide detoxification efficiency at a certain con-
centrations is related to the inherent characters of microbial 
species. For example, Cabuk et al. [9] showed degradation 
of 130 mg/L KCN by Trametes versicolor at 30 °C, pH 10.5 
over 42 h. Similarly, Pseudomonas pseudoalcaligenes was 
able to detoxify 810 mg/L of HCN and other cyano-metal 
complexes under alkali conditions [33]. Recently, Morad-
khani et al. [86] reported 93.5% detoxification efficiency by 
Pseudomonas parafulva at an initial cyanide concentration 
of 200 mg/L. They pointed out that an increased in cyanide 
concentration beyond 500 mg/L had a negative influence on 
the detoxification efficiency of the bacteria. Karamba et al. 
[87] reported the effect of cyanide concentration on bacteria 
growth and degradation efficiency of Serratia marcescens 
strain AQ07 isolated from the soil. They observed that cya-
nide concentration of 200 mg/L resulted in lower growth 
of 16.1 log cfu/mL and 85% detoxification. Meanwhile, at 
a lower concentration of 50 mg/L, there was an increase 
in bacteria growth of 16.39 log cfu/mL and detoxification 
rate of 89.6%. They asserted that the reduction in bacteria 
growth rate and its associated detoxification could be cya-
nide poisoning, which occurred when there was an increased 
concentration.

Effects of pH on biodetoxification

The pH of the medium is an important parameter to con-
sider for biodetoxification of cyanide in contaminants. The 
pH influences the growth of microbes and biodetoxification 
of cyanide concentration in the cyanide-bearing waste [7]. 
Dash and Balomajumder [22] reported an optimum pH range 
of microbial detoxification of cyanide contaminants being 
between 6 and 9. Nonetheless, there are several reported 
biodetoxification investigations with a pH lower than 6 
and higher than 9 [17, 19]. The pH of 6.3 was noted as the 
optimum pH to detoxify 6.5 mg/L KCN by Rhodococcus 
UKMP-5 M within 24 h [19]. Luque-Almagro et al. [33] 
reported that, Pseudomonas pseudoalcaligenes CECT5422 
could tolerate an initial pH of 11.5 and capable of assimilat-
ing 1470 mg/L of NaCN in a minimal mineral medium. The 
bacterial strain Bacillus sp. CN-22 isolated from a cyanide 
contaminated electroplating sludge was capable of tolerating 
a pH of 10.3 and detoxified 96.69% of 700 mg/L of cyanide 
at 30 °C and 193 rpm [88]. Biodetoxification of cyanide con-
taminants can occur under a wide range of pH [7]. Barclay 
et al. [89] reported metal-cyanide biodetoxification of mixed 
and pure cultures of fungi at a pH range of 4 and 7 when 
they isolated Fusarium oxysporum, F. solani, Trichoderma 
polysporum, Scytalidium thermophilum, and Panicillium 
miczynski from acidic gas works soil. Many bacteria such 
as P. putida, Pseudomonas paucimobilis and P. fluorescens 
that are capable of detoxifying metal-cyanide complexes at a 
neutral pH have been studied [90]. Pseudomonas fluorescens 

utilized ferrocyanide as a sole nitrogen source in a batch 
reactor fermenter, which degraded 79% of cyanide in the 
contaminants at the optimum pH of 5 [77]. The pH of the 
contaminated materials has direct effect on the metabolic 
activities of the indigenous microorganisms, which influ-
ence their ability to utilizes cyanide as sole nitrogen source 
for their growth.

Effects of nutrient availability

The physical modification of the contaminated environment 
promotes the optimization of biodetoxification processes 
[91]. Nutrient availability in the cyanide contaminants is 
very significant since it actives immobilized cells to increase 
the efficiency of the biodetoxification and environmental 
control. Many bacteria species with potential to detoxify 
cyanide in industrial contaminants are heterotrophic and 
demand nutrients like carbon and nitrogen source for cell 
growth [92]. Notwithstanding, Dash et al. [83] noted that 
having carbon present in industrial polluted waste is a chal-
lenge to the rate of biodetoxification. Microorganism utilizes 
the cyanide component present in waste matrix as a nitro-
gen source and converts it to ammonia, hence, its reduction 
in the contaminated media [93]. Perhaps, it is necessary to 
supplement the medium with readily metabolized carbon 
sources like glucose, acetate, fructose, mannose, galactose, 
and agricultural extracts to promote cell viability and bio-
detoxification [92]. On the contrary, excessive supply of 
nutrients may hinder the metabolic activity of the microbes 
[94]. Some microorganisms such as P. fluorescense P70 and 
Bhurkholderia cepacia strain C3 are unable to grow in the 
cyanide contaminated medium without supplementary car-
bon source [81]. Mirizadeh et al. [82] reported glucose and 
fructose as a readily supported carbon source that facili-
tated the biodetoxification of free cyanide concentration up 
to 500 mg/L by strain C2. One of the parameters of their 
investigation was to identify the effectiveness of these car-
bon sources; sucrose, sodium acetate, fructose, and glucose. 
They had biodetoxification efficiency of 57%, 72%, 82%, and 
85% respectively. Research conducted by Hope and Knowles 
[95] contradict the above assertion. They pointed out that 
the biodetoxification of cyanide in contaminants in the pres-
ence of reducing sugar was not due to metabolic activities 
of the microbes but the reaction between cyanide and sugar, 
which generate ammonia. They cited the growth of Kleb-
siella planticola in their investigation as classical example. 
They stressed that, the growth of the bacteria was due to 
the consumption of ammonia generated from the reaction 
process, but not from the product of cyanide metabolism 
in the contaminants. Barany [96] indicated that, carbonyl 
group (ketone and aldehyde) react with cyanide in presence 
of metal iron to generate a stable cyanide species under natu-
ral conditions (40 °C and neutral pH) which is inaccessible 
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for microbial biodetoxification. Luque-Almagro et al. [33] 
suggested the use of other carbon sources instead of glucose 
since it has the potential to react with cyanide (the Kiliani 
reaction), which can influence the biodetoxification capabili-
ties of the microbes. They proposed the use of acetate and D, 
L-malate as a suitable carbon source for microbial utilization 
of cyanide. This was confirmed by Khamar et al. [80] who 
reported on co-culture strains (BN1 and DNB) ability to uti-
lize acetate as a sole carbon source to detoxify 75% of initial 
50 mg/L of cyanide concentration after 96 h-cultivation. The 
above discussion indicated that, the kind of nutrients avail-
able for cell viability has a greater influence on the efficiency 
of microbial biodetoxification of cyanide contaminants.

Limitation of biodetoxification of cyanide 
contaminants

Although biodetoxification can be applied in diverse ways 
to treat harmful chemicals in the environment, there are cer-
tain limiting factors that impede its application. There are 
some harmful substances like stable cyanide species (met-
allocyanide) and other metal pollutants since they are not 
substrate for the growth of microbes. Such contaminants are 
very difficult to treat via biological means utilizing indig-
enous microorganisms. However, the development of engi-
neered microorganisms in recent times has provided new 
pathway for degradation of these non-biodegradable cyanide 
contaminants [97]. Admassu and Korus [92] identified the 
absence of cyanide contaminated material characteristics, 
microbial physiology, complicated design, and operational 
processes as some basic drawbacks in biodetoxification tech-
nology. Physical properties of the toxicants such as water 
solubility, water partition coefficient (Kow) (concentration 
ratio of chemical between two media in equilibrium), vapor 

pressure, and Henry’s Law tend to limit microbial detoxifica-
tion cyanide-containing contaminants. For example, hydro-
phobic compounds with high water coefficient are mostly 
not biodegradable [92]. More so, Alexander [12] pointed out 
certain unreported factors like transport effects, resistance 
of microbes to the toxicants, inhibition and cometabolism 
as limiting factors that alter the rate of cyanide biodetoxi-
fication. The presences of the large and active population 
of protozoan in many cyanide-bearing wastewaters affect 
the rate of biodetoxification. The protozoans feed on the 
indigenous bacteria, which reduces its density and prolong 
the acclimatization of the bacteria in contaminants [12]. 
The principal objective of biodetoxification is to identify 
the above-stated limitations, control and optimize them for 
complete biodegradation of cyanide contaminants emanate 
from industrial operations.

Methods of cyanide biodetoxification

Microbial biodetoxification techniques

Various known available strategies can be employed to con-
trol and optimize microorganisms to facilitate their effec-
tiveness to detoxify contaminants in the environment. There 
are two main microbial biodetoxification techniques; in-situ 
(includes biosparging, bioventing, bioaugmentation, and 
phytoremediation) and ex-situ (includes windrow, bioreac-
tor, biopiling, and land farming) (Fig. 1) [98, 99].

In‑situ biodetoxification

According to Azubuike et al. [98], in-situ biodetoxification 
can be explained as the use of the biological procedures 

Fig. 1   Biodetoxification techniques for remediating hazardous chemical waste



947Journal of Material Cycles and Waste Management (2020) 22:939–954	

1 3

to detoxify environmental contaminants, which take place 
in the contaminated site. This biological process involves 
the scientific and multi-discipline approach to optimize and 
control the indigenous microorganism population to influ-
ence their ability to convert toxicants into nontoxic waste 
component [97].

Biosparging  This is one of the in-situ techniques, which uti-
lizes microbes to degrade contaminants within the saturated 
zone and mostly takes place in groundwater [100]. Small-
diameter air injectors are placed below the soil sediments 
and the air is pumped into it under high pressure to improve 
oxygen concentration. The aeration of the contaminated 
environment activates the naturally occurring microbes to 
degrade the pollutants. This approach is inexpensive and 
requires less technology to construct air injectors [101]. 
Factors like soil permeability and pollutant biodegradability 
determine the effectiveness of this technique to remediate a 
contaminated environment [102]. The method could be very 
useful to detoxify cyanide-contaminated soil from industrial 
activities. The cyanide-contaminated soil below certain 
depth can be remediated through this approach. However, 
the technique is associated with certain demerit such as 
inability to predict the flow of air in the saturated region 
[98]. More so, the technique can be effective during natural 
detoxification process in the mine tailings dams.

Bioventing  This technique is similar to biosparging but this 
involves injecting low airflow rate to the unsaturated area 
to increase the oxygen availability in the soil to serve as an 
electron acceptor, while the indigenous microorganisms uti-
lize the carbon source present in the waste matrix for their 
cell growth [101]. The major objective of this approach is to 
facilitate the completion of the biodetoxification of cyanide 
contaminants underground, to prevent the concentration 
from escaping to the earth’s surface through vaporization 
[97]. In bioventing, microbes are stimulated by supplying 
them with nutrients (gaseous ammonia vapors) and mois-
ture to promote cell viability to enhance biodegradation of 
the contaminants to the nontoxic component [102]. This 
approach may be efficient to remediate the cyanide and 
related complexes, which contaminates the groundwater 
through seepage from the tailings dam.

Bioaugmentation  Bioaugmentation involves the intro-
duction of microbial consortia or genetically engineered 
microbes into the contaminated region to augment the bio-
detoxification capabilities of the indigenous microbes [103]. 
The conditions such as low population, the initial concen-
tration of the contaminants, and the stress to indigenous 
microbes because of exposure to high cyanide concentra-
tion may necessitate addition of exogenous microbes to 
the contaminants. The microbes must have environmental 

adaptability to survive in the new habitation [98]. Park et al. 
[104] reported detoxification of 14 mg/L of cyanide from 
coke wastewater by bioaugmentation through the utilization 
of yeast (Cryptococcus humicolus). The yeast and unidenti-
fied cyanide-degrading microbial consortia were inoculated 
into fluidized-bed type process (Bio-SAC) (1280 m3) sup-
plemented with glucose and other nutrients for 2 months. 
The authors noticed that the yeast inoculation remarkably 
detoxified the KCN (potassium cyanide) concentration to 
0.1 mg/L. However, the researchers recorded poor removal 
efficiency of cyanide in the contaminants from the bio-
process when operated it in full-scale because of lack of 
organic carbon and slow rate of degradation. They reported 
a lack of organic carbon and a slow rate of biodegradation 
as a factor for the inefficiency. Supplementing the contami-
nated media with nutrients enhance the biodetoxification 
efficiency of cyanide contaminants in the bioaugmentation 
process. Two fungi species, F. solani and F. oxysporum iso-
lated from formal gasworks soil were capable of detoxify-
ing 50% of 16.3 mg/L metallocyanide complex contaminant 
utilizing glucose as carbon and energy sources [21]. The 
researcher stated that, the detoxification of the cyanide from 
the contaminants was as a result of the strains utilizing the 
nitrogen source as grow substrate.

Phytoremediation  Many plants species have been reported 
as having the potential to resist cyanide toxicity (Table 3) 
[105]. Most plant and associated rhizosphere microorgan-
isms are reported as potentially useful to remediate the 
cyanide-contaminated environment. For instance, Hong 
et  al. [106] reported 85% detoxification of iron cyanide 
contaminated soil from industrial activities after cultivating 
two cyanogenic plant species (Sorghum bicolor and Linum 
usitassium) for 200-day phytoremediation study. Cyanide-
detoxifying plants have various adaptations to degrade cya-
nide contaminants in the soil and finally assimilate it into 
their tissues [36]. Chemical reactions that occur between 
free cyanide and sulfur in the plant materials after nutrient 
uptake results in the generation of thiocyanate, which is com-
paratively nontoxic byproduct [40]. Cultivation of plants on 
the cyanide-contaminated land can serve as an alternative 
to chemical measures of controlling cyanide poisoning in 
mined areas [59]. The cyanide-degrading enzymes in plants 
(ß-cyanoalanine synthase) connect the HCNand cysteine to 
cyanoalanine. Cyanide is metabolized via ß-cyanoalanine 
pathway to release asparagine, aspartate, and ammonia 
[107]. Cyanide degradation has been reported in wheat 
(Triticum aestivum L.) and sorghum (Sorghum bicolor L.) 
[108]. In a related studies, Trapp et  al. [83] demonstrated 
the cyanide degradation efficiency of Sorghum bicolor  L. 
Phytoremediation studies conducted in 60 days revealed that 
Sorghum bicolor L was able to degrade up to 125 mg/L cya-
nide concentration from the cyanide contaminated soil via 
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their roots and leaves. The production of asparagine, aspar-
tate, and ammonia by the enzyme provides supplementary 
ammonia source to the plants [108]. Hidayati et  al. [109] 
proposed the use of indigenous plants capable of resisting 
cyanide toxicants as a green technology to remediate cya-
nide contaminated rivers and paddy fields through small 
scale and large-scale industrial mining activities. Their 
argument emanated from a phytoremediation study they 
conducted utilizing Paspalum conjugate and Cyprus kyllin-
gia. They observed complete detoxification of 16.52 mg/L 
cyanide by Paspalum conjugate and 33.16 mg/L by Cyprus 
kyllingia from the contaminated environment. The cultiva-
tion of cyanogenic plants in the mined environment is the 
most economical and eco-friendly technology of detoxify-
ing cyanide-contaminated land for agricultural activities. 
Cultivation of cyanide detoxifying plants not only removes 
the cyanide components, but can also enrich the top soil 
through addition organic nutrients.

Ex‑situ biodetoxification

The treatment of cyanide concentration in gold mine tailings 
can be off-site. Some of the off-site techniques of cyanide 
biodetoxification are discussed below.

Bioreactor  The bioreactor is a medium in which biological 
reaction occurs to generate new products. Bioreactors for 
ex-situ biodetoxification of cyanide contaminants are clas-
sified as slurry or aqueous reactors. Reactors are engineered 
structures designed to process solid or slurry cyanide con-
taminants utilizing inoculum (microorganisms) to biotrans-
form the contaminants into nontoxic components [101]. The 
conditions (oxygen, nutrient, pH, and temperature) in the 
bioreactor are optimized to mimic natural environmental 
conditions of the microbes to enhance their growth and bio-
detoxification of the contaminants [98]. Mekuto et al. [110] 
observed biodetoxification of free cyanide (CN−) concentra-
tion of 250 mg/L and 450 mg/L, utilizing consortia of Bacil-
lus genus in continuous mode. The researchers noticed that, 

the bacteria could detoxify up 80% and 32% from the initial 
cyanide concentration after 200 h incubation. Using bioreac-
tor in detoxifying cyanide-containing waste has advantages 
such ability to adjust the various parameters necessary for 
the biological reaction to stimulate growth of microbes and 
enhance detoxification of contaminants in the reactor [98].

Biopiling  Biopile bioremediation techniques involve the 
transfer of contaminants from the on-site and treat it off-site 
with soil amendments, inoculum (microbes), and supported 
by aeration. The bioremediation parameters (nutrients, oxy-
gen, and pH) are optimized to ensure an efficient metabolic 
process by the microbes [101]. There is no up to date infor-
mation on application of biopile in remediating cyanide 
contaminants but very popular in controlling hydrocarbon 
pollutants. For an instance, Dias et al. [111] observed 71% 
efficiency of hydrocarbon biodegradation in fresh hydrocar-
bon contaminated Antarctic soil using biopile technology. 
Several applications of biopile techniques to remediate the 
polluted environment are well established [98, 112]. This 
technique has a wider application in treating polluted envi-
ronment and may be very useful for cyanide biodetoxifi-
cation in waste matrix. Treating cyanide-containing waste 
close to water bodies and human habitation could be very 
detrimental due to structural failure, which may results in 
spillage. This technique becomes necessary if there a need 
to treat the cyanide contaminants off-site.

Landfarming  This is biological technique use in treating 
hazardous contaminated waste. The contaminated waste is 
transported into a pit lined with high-density synthetic clay, 
water and nutrients are supplied via a delivery tube on sub-
surface. The medium is supplied with oxygen through the 
porous space beneath the medium. Pipes are laid between 
the contaminated soil and the layer of the sand to collect 
the runoff, which are recycled to prevent underground water 
pollution. Landfarming biological approach to treat cyanide 
contaminated is cost-effective and environmentally friendly 
due to unforeseen accidents that may arise from detoxifica-

Table 3   Potential cyanide 
assimilative plants

Plant name Common name Assimilative action Reference

Eichhornia crassipes Water hyacinths Cyanide metabolism [134]
S. eriocephala Diamond willow Cyanide metabolism [108]
Torilis japonica Upright hedge-parsley Cyanide assimilation [8]
Salix alba Willow Cyanide metabolism [118]
Scrophularia nodosa Figwort Cyanide tolerance [105, 118]
Sonchus arvensis Thistle Cyanide tolerance [108]
Taxacum afficinale Dandelion Cyanide tolerance [105]
Sambucus chinensis Chinese elder Cyanide metabolism [118]
Credrus deodar Snow-pine Cyanide tolerance [36]
Triticum aestivum Wheat Cyanide tolerance [108]
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tion process [92]. This treatment process will curtail a situ-
ation of cyanide-bearing wastewater spillage from collapsed 
dams and valve failures, which are common accidents in 
treatment of cyanide contaminants. Land farming, has been 
widely used in remediating hydrocarbon-polluted environ-
ment [113, 114], however, there is no up to date report on its 
application in treating cyanide-bearing contaminants.

Biodetoxification of cyanide‑bearing contaminants

Many microorganisms found in nature are capable of utiliz-
ing cyanide contaminants as a source of nutrients for cell 
viability through the enzymatic attack. The use of microor-
ganisms to remediate the environment from contaminants 
can be generally referred to as bioremediation or otherwise 
biodetoxification [97]. Biological detoxification of cyanide 
contaminants has been demonstrated as most effective when 
compared to the physical or chemical processes of detoxify-
ing cyanide contaminants for the past decades [115]. Biode-
toxification technology employs organisms to remove cya-
nide concentration from the contaminants, these techniques 
ensure total clean up and can be useful to degradation of 
other organic and inorganic contaminants in environment 
(Table 4) [116]. Biodetoxification of cyanide contaminants 
can be achieved using plants (phytoremediation) or microor-
ganisms. Plants phytoremediation of cyanide-bearing waste 
has recently been established as a feasible approach. Plants 
like Salix babalonica L, S. alba L, S. eriocephala L are some 
of the known plants species that can assimilate cyanide con-
centration from cyanide-polluted soil [117, 118]. The pres-
ence of oxidase in the mitochondrial electron transport chain 
and endogenous cyanide-degrading enzyme-like a cyanase 
make plants tolerate a certain level of cyanide concentration 
[119]. Microorganisms are capable of surviving in extreme 
environmental conditions by developing certain adaptation 
measures such as varying their growth rate, converting basic 
DNA to produce protein, or relating with other organisms in 
the contaminated media to exist [120]. Microorganisms can 
strive in both aerobic and anaerobic environmental condi-
tions. Haghighi-Podeh and Siyahati-Ardakani [34] identified 

Osculatoria, Philodina, Carchesium, Pseudomonas, and 
Bacillus as bacteria capable of surviving in the aerobic 
medium condition in their study. Bacillus pumilus strain 
is gram-positive, aerobic; endospores forming bacteria 
that can tolerate up to 100 mg/L of KCN cyanide [121]. 
Khamar et al. [80] reported cyanide detoxification of 75% 
when they inoculated Halomonas daqingensis into minimal 
salt medium supplemented with 50 mg/L cyanide concen-
tration for 5-days under aerobic conditions. Furthermore, 
Moradkhani et al. [86] cultivated Pseudomonas parafulva 
NBRC in basal salt solution using cyanide as sole nitrogen 
source. After 13 days of incubation, they observed a 93.5% 
reduction in the 500 mg/L of the initial cyanide concentra-
tion with bacteria growth from 1.00 × 107 to 9.00 × 107 CFU/
mL. Anaerobic bacteria are capable of degrading cyanide 
concentration in various contaminated media [22]. The use 
of anaerobic condition to grow bacteria was first studied in 
the late 1980s [122], and had since become an interesting 
approach to culture bacteria for various biodetoxification 
exercises [60]. Several studies have been conducted in recent 
times using anaerobic bacteria to detoxify cyanide in a batch 
culture medium [123–125]. Another economic advantage of 
using anaerobic bacteria is the generation of biogas (meth-
ane) and hydrogen gas for sustainable energy supply [126, 
127]. Many bacteria that are capable of reducing sulfate do 
so through an anaerobic process. The sulfate-reducing bac-
teria can equally be used effectively to detoxify free cya-
nide from the contaminated environment [128]. There are 
two categories of microorganisms that are mostly utilized 
to detoxify cyanide-containing waste; bacteria and fungus 
[83]. There are several reports on the efficiency of bacteria 
to detoxify cyanide in the waste matrix over the past dec-
ades [15, 129, 130]. Akcil et al. [7] investigated the poten-
tial of using bacteria to treat cyanide-bearing effluents after 
the gold ‘cyanidation’ process. They observed that Pseu-
domonas sp. was able to tolerate up to 100–400 mg/L of cya-
nide under laboratory conditions. Authors concluded that, 
the bacteria strain exhibited cyanide detoxification poten-
tial in the contaminated media. Similarly, Shin et al. [67] 
reported successful detoxification of 50 mg/L of free cyanide 

Table 4   Cyanide biodetoxification efficiency of different microbes and their sources

Microbial species Microbial source Cyanide source Initial CN concen-
tration (mg/L)

Residual cya-
nide (mg/L)

Reduction 
efficiency (%)

Reference

P. stuzeri Soil from cassava mill Pure KCN 0.218 0.06 72 [10]
Bacillus sp. Cassava processing effluent Pure KCN 6511 130 98 [135]
Citrobacter sp. Electroplating wastewater Copper Cyanide 44.8 4.5 99.9 [90]
P. pseudoalcaligenes Gold mine tailings Pure NaCN 130 13.0 60 [136]
Pseudomonas sp. Historical sludge Pure NaCN 80 1.6 98 [89]
Halomonas sp. Gold mine tailings Pure KCN 50 12.5 75 [115]
Bacillus spp. CN-22 Electroplating wastewater Pure KCN 200 6.62 96.69 [80]
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concentration in synthetic wastewater within 21 days using 
phylum Proteobacterium in stirred-tank bioreactors. The 
bacteria were able to reduce the initial concentration of 
50–2.8 mg/L with viable cells growth of 2.5 × 107 CFU/
mL at a pH of 8.4. Luque-Almagro et al. [33] reported 
1470 mg/L of free cyanide detoxification by Pseudomonas 
pseudoalcaligenes in alkaline medium using ammonium, 
nitrate, cyanate, cyanoacetamide, nitroferricyanide, and 
many other cyanide-metal complexes as a nitrogen source. 
Dwivedi et al. [83] conducted a study on the removal of cya-
nide using Bacillus cereus and supported with the almond 
shell as a carbon source. The bacterium was cultivated in a 
250 mL conical flask containing 100 mL of sterilized culture 
media with 100 mg/L of pure sterilized KCN as a nitrogen 
source. They achieved biodetoxification efficiency of 84.7% 
within 15 min and the highest efficiency of 95.87% at the 
end of 60 h. Many fungi can infect cyanogenic plants with 
pathogens despite the toxic nature of the plant. This may 
be due to the presence of cyanide degrading enzymes [68]. 
Enzyme hydratases found in most plant pathogenic fungi 
such as Fusarium solani, Gloeocercospora sorghi, Fusar-
ium lateritium, and Leptosphaeria maculans can convert 
cyanide to ammonia and formate [68, 131]. Hydratases are 
enzymes capable of converting toxic chemicals like cyanide 
into nontoxic components via hydration reaction [60]. Many 
reports are available for the effectiveness of fungi to detoxify 
cyanide-bearing waste [89]. Recently, Akinpelu et al. [93] 
reported Fusarium oxysporum EKTO1/02 from the rhizo-
sphere of Zea mays that has been exposed to cyanide-con-
taining pesticides to degrade cyanide. They inoculated the 
isolated microbes in a medium containing 100 mg/L and 
incubated it in a rotary shaker for 120 h; they had 77.6% of 
free cyanide being detoxified. The biodetoxification process 
of removing cyanide from contaminants is simple to oper-
ate and does not involve the use of toxic chemical reagents. 
This method is the most economical and environmentally 
friendly when compared to the chemical process [38]. It is 
unambiguous from the above discussion that biodetoxifica-
tion techniques are diverse and have proven efficient in reme-
diating cyanide-containing industrial contaminants from the 
environment.

Conclusion

The anthropogenic activity such as mining, electroplating, 
and agriculture have significantly contributed to the abun-
dance of harmful chemical like cyanide in the ecosystem, 
which harm humans, plants, and aquatic life. Biodetoxifica-
tion technology utilizes living organisms, usually bacteria, 
fungi, and plants to clean up the excess cyanide concentra-
tion from the environment. This approach, which is eco-
nomically viable, eco-friendly, and less complex to operate, 

is a perfect alternative to traditional remediation techniques 
such as chemical, physical, and natural attenuation. The 
cyanide biodetoxification requires in-depth understand-
ing of microbial metabolism and their physiology. Though 
microbial acclimatization in cyanide-bearing contaminants 
take longer period, its effect on detoxifying free cyanide and 
other strong acid dissociation complexes is very efficient 
when compared to chemical (oxidation) detoxification pro-
cess. Recently, much attention has been given to microbial 
cyanide detoxification contaminants because of its envi-
ronmental safety. Further studies must consider factors like 
chemical reaction of cyanide with the available nutrients, 
improvement in microbial acclimatization, and removal of 
microscopic prey like protozoan for effective detoxification 
process. Selecting an appropriate living organism for detoxi-
fication of cyanide can improve the process significantly and 
produce positive outcome.
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